Preparation of the micro-fluidic bioreactor ("Mechano-chemostat"): The mold consists of 2 layers of different heights, each layer prepared using a classical soft lithography protocol described in Ref. [1] . The first layer is prepared using SU 2000.5 negative photoresist (0.5 µm height), and the second using SU 2010 (10 µm height). Polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, USA) is mixed with the curing agent (ratio 1:10 in mass), poured onto the mold, and cured overnight at 60 o C. PDMS is bound to no1 thickness glass slides through an oxygen plasma generated by a reactive ion etcher (RIE) machine (P 02 = 200 mTorr, exposure time = 20 sec). Prior to loading the device, the surface is treated with Pluronics 127 (VWR, USA) as in Ref. [2] to decrease any non-specific adhesion that could result in cell-PDMS adhesion or friction.
Two methods for measuring the growth-induced pressure: To measure the contact pressure generated by the population, we monitor the position of a 4µm thick membrane separating the growth chamber and a control channel. We adjust the hydrostatic pressure every 30 seconds to keep the membrane at a fixed position. In this way, we ensure that the known hydrostatic pressure mirrors the mechanical contact pressure with a precision of 0.02 MPa. Finite element simulations (Comsol) show that, in the absence of a hydrostatic control pressure, the deformation of the membrane is proportional to the contact pressure in the growth chamber. This linear relation can be used to convert the deformation of the membrane into the growth-induced pressure, with a precision of 0.05 MPa. However, this second method of measuring a growth-induced pressure first requires a calibration of the Young's modulus of the PDMS device. When necessary, the calibration is done before each experiment. On average, we measure a PDMS Young's modulus of 2 MPa.
Visualizing cell deformations and the contact area between cells and the coverslip: FITC-conjugated Dextran (3kDa, Invitrogen) is added to the culture medium, at a concentration of 0.1 mg/mL. Since Dextran is not internalized by single yeast cells [3] , it stains the extracellular space, and enables the imaging of cell deformation. The contact between cells and the coverslip is imaged by reflectometry. Briefly, we shine a 635 nm 1 laser on the sample through a pinhole closed to a minimum, to obtain an optical slice of 0.3 µm. The reflected light is collected without filter, so that local changes in refractive index can be measured at the level of the glass slide. Typical images of cell deformations are shown in the main Letter (Fig. 1) , and images obtained by reflectometry are shown in Fig. S6a .
Dependence of contact surface area on pressure: We measure the cell contact area at the interface between the coverslip and cell population, and compare it to our Mass-Spring simulations (see below). Reflectometry reveals that the average fraction of the coverslip that is in contact with cells increases as the population pressure increases, shown in Fig. S6a . We find that the experimentally measured growth-induced pressure increases super-linearly with surface coverage, contradicting our pressurized-shell null model. This may indicate that the yeast cell turgor pressure increases with growth-induced pressure (Fig. S6b) .
Measuring the steady-state and instantaneous growth rate: Each outlet design, shown in Fig. 1b (right) , leads to a different steady-state pressure, and a different steady-state cell outflow rate. We measure the cell outflow rate J cell from time lapse movies using a custom-made particle image velocimetry algorithm (Matlab), and infer the growth rate in the chamber as k = J cell /V ch , where V ch is the volume of the growth chamber. Alternatively, we can estimate the instantaneous growth rate from the pressure vs. time relationship measured for the self-closing device. Since the cells are fully trapped in the growth chamber, the time-derivative of the pressure is directly proportional to the growth rate. The proportionality depends on the packing fraction of the cells (φ ) and on the volume of the chamber (V ). We infer the instantaneous growth rate γ of the cells by
where V c is the volume occupied by the cells. By definition, the packing fraction is the fraction of volume occupied by cells divided by the volume of the chamber:
Now we assume that, at any time, the packing fraction and the chamber volume only depend on the pressure: V (t) = V (P(t)) and φ (t) = φ (P(t)). This quasi-steady state assumption is acceptable only if the cells can adapt their growth rates sufficiently fast to the current pressure curve or, conversely, that the pressure changes sufficiently slowly. This enables us to rewrite the growth rate:
In order to plot the growth rate γ as a function of growth-induced pressure, we need three pieces of information: the time-derivative of the pressure, the packing fraction, and the pressure-dependency of the volume of the growth chamber. The packing fraction is measured using exclusion fluorescence technique (see Fig. S2a and S2c), and the dependency on pressure of the volume of the chamber is calculated through finite element simulations (Comsol) (Fig. S2b) . As shown in Fig. S2d , the growth-rate vs pressure relationship obtained in this way is in good agreement with the more direct steady-state measurements. This justifies our steady-state assumptions and suggests that the feedback on growth should act as fast or faster than the typical division time.
Inferring force maps:
The interface area between cells in contact is used to estimate the contact force between the cells. To this end, we have modeled the mechanical response of budding yeast cells in the simplest possible way by assuming that a cell responds to contact forces like a pressurized elastic shell, as illustrated in Fig. 2f . The force between cells in contact is then given by F = PA ∝ Pl 2 , where A is the area of contact, P is the cell turgor pressure, and l is the projection of the contact surface onto the measurement plane. This takes into account the effects of turgor pressure and the near-inextensibility of the cell wall, but assumes that these effects dominate over elastic energies due to bending of the cell wall or cytoskeleton (the turgor pressure of ≈ 0.2 MPa [4] is nearly two orders of magnitude larger than the elastic moduli of cytoskeletal networks). Single-cell studies [5, 6, 7, 8] have indeed found that compressed S. cerevisiae cells exert forces proportional to the area of contact, in agreement with a model that incorporates only internal pressure and cell wall stretching even for large deformations. We further validate our approach by performing simulations of deformable cells composed of spring networks, which show similar deformations as S. cerevisiae cells at corresponding pressures. The simulations are described in the next paragraph and in Fig. S1 and Fig. S7 .
Description of Mass-Spring simulation: The mechanics of a budding yeast cell is primarily controlled by the mechanics of the cell wall and the turgor pressure [8] . In our "mass-spring" (MS) simulations, the cell wall is represented as a spherical meshwork of springs, obtained from surface triangulation, and connecting set of vertices. The neighbor vertices, separated by a vector R, are held together via Hookean spring interactions:
where k MS is a spring constant, and R 0 is a length of the relaxed spring. The Hookean spring constants are taken to be the same and related to the Young's modulus by the following equation:
where E is Young's modulus, ν is cell wall Poisson's ratio, t is the cell wall thickness, A 0 is the initial cell surface area, and L i is the relaxed length of the i th spring [9] . The overlap between two non-bonded vertices is modeled by Hertzian repulsive force:
where E * = E/2(1 − ν 2 ) is an effective Young's modulus, E is cell wall Young's modulus, ν is cell wall Poisson's ratios, R * = 0.5 · R vert is an effective radius, R vert is a radius of a vertex, here set to be the same as the cell wall thickness t, h = 2 · R vert − R is an overlap between two vertices, andR is a unit vector along R.
The overlap between a vertex and box walls is modeled similarly but with an effective radius R * = R, and an effective Young's modulus:
The force due to the cell volume-dependent turgor pressure Π(V cell ) on vertex i is calculated as:
where V cell (r 1 , ...., r N vert ) is a function of the N vert vertices triangulating the cell surface and the volume change for the vertex i is calculated using tetrahedral volume defined by the vertex i, its neighboring vertices in the meshwork, and center of the mass. The equations of motion of over-damped dynamics have been solved using Heun's method (explicit second-order Runge-Kutta method). In the simulations for all vertices (box wall) Young's modulus E vert = 150 MPa (E box = 200 MPa) and Poisson's ratio ν vert = ν box = 1/2 are set the same, turgor pressure is Π = 1.0 MPa (unless stated otherwise), cell wall thickness is t = 0.1µm, and the initial cell radius is R 0 = 2.5µm.
Coarse-grained simulations of proliferating elastic particles: In our 2D coarse-grained simulations, illustrated in Fig. S9 , cells are modeled as two frictionless rigidly-attached spherical lobes [10] (mother and bud) that grow exponentially at rate γ i by bud expansion (Eq. 1), move according to over-damped dynamics with mobility µ (Eqs. 2 and 3), and interact via repulsive spring forces with elastic modulus k (Eq. 4)
where
2 with ∆ i = σ i,bud /σ i,mother ) is the cell mass (inertia), V is the total potential energy,
is the force (torque) on cell i, and δ ik, jl = 1 2 σ ik + σ jl − r ik − r jl is the overlap between lobes k of cell i and l of cell j, and Θ is the Heaviside Step function. This method is similar to studies performed with growing spherocylinders [11, 12] . For simulations with attraction, we extend the potential in Eq. 4 beyond its repulsive core to have an attractive range of width
In this model, the mother lobe has the same size σ i,mother = σ for all cells. Equations of motions are integrated using a 3 rd order Gear Predictor-Corrector algorithm. Growth progresses while σ i,bud < σ and culminates in division. After division, both new cells retain the orientation of cell i. Cells grow in a rectangular box of dimensions L x ×L y with an outlet of width a. For the simulations in this paper, we used L x = 6σ , L y = 16σ , and a = 1.4σ to match experiments unless stated otherwise. Cells interact with the wall with the same cell-cell repulsive spring force,
, where δ is the overlap between the cell and wall. Without pressure feedback, γ i = γ 0 i where γ 0 i is chosen from a uniform distribution of width 20% around a mean growth rate γ. With pressure feedback, the growth rate depends on pressure as γ i = γ 0 i e −P i /P 0 where P i is the pressure of cell i. The free parameters in this model are an effective friction coefficient µ/ γ √ mk CG and a characteristic pressure feedback scale P 0 /k. In Fig. 3 of the main text, we use parameters that best matches the experimental pressure fluctuations in the case of intermittent flow where the pressure slowly builds and then suddenly drops during avalanches. We choose values of µ = 8 × 10 4 γ √ mk CG and µ = 2 × 10 3 γ √ mk CG for simulations with (Fig. 2b ) and without (Fig. 2c) feedback that best capture the ratio of pressure increase (Ṗ ↑ ) and drop (Ṗ ↓ ) rates in the case as shown in Fig. S10 . To obtain an experimentally-motivated value of feedback pressure P 0 (Fig. 2c) , we used a value of P 0 that yields the same ratio of P exp 0 = 0.28 MPa (Fig. 3c) to P exp = 0.7 MPa (135 • data in Fig. 1c) , P exp 0 / P exp = 0.4. Coarse-grained simulations without feedback yield P sim = 0.19k CG , giving
Estimation of pressure due to viscous friction: Here we estimate the pressure arising from friction between cells in the outlet and the surrounding medium. In a chamber of dimensions L x ×L y with an outlet of dimensions width×length= a × d, the chamber holds N c ≈ L x L y h/σ 3 cells and the outlet holds N o ≈ adh/σ 3 cells, where σ is a typical cell diameter and h is the height of the device. Assuming that the height h of the system and the width of the outlet a are both a = h = σ , so that N c ≈ L x L y /σ 2 and N o ≈ ad/σ 2 . If the cells in the outlet are pushed out at velocity v, the total frictional force they experience is F = f vN o , where f is a friction coefficient per cell, and therefore the pressure at the outlet is
Standard viscous friction of a sphere in a liquid yields f = 6πησ /2. We further estimate the flow velocity by v = N c σ k where k is the growth rate for cells in the chamber, assuming that cells in the outlet are not growing. This gives:
Using η = 10 −3 Pa s, k ≈ 0.4h −1 ≈ 10 −4 s −1 , N c ≈ 100, and N o ≈ 10, we get
Thus, viscous friction gives a negligible contribution to the pressure generated in the outlet, which is in the MPa range. Conversely, we can use the above estimate to define an effective viscosity of the cell packing of 1 MPa s needed to achieve a pressure of 1 MPa. This effective viscosity is much larger than has been measured for mammalian cells [15] .
Code and microfluidic design availability
All the codes used in this study, as well as all the microfluidic blueprints are available on request.
Supplementary Figures
Image Analysis: F / <ΔF> Measured: F / <ΔF> Figure S1: Testing our indirect force-inference method on simulated packings. In the main text, we reported mechanical forces in packings of yeast cells that we have inferred from the observed cell shape deformations. Our force-inference method uses use a custom Matlab image analysis code to process the time-lapse movies that we obtained with the fluorescence exclusion method (Fig. S2) . Each cell is identified with a watershed algorithm and manually refined if necessary. For each identified cell, the contour is defined as a set of spline functions. These splines are further used to calculate the length l of the contact line between each pair of cells. As a first order approximation, we estimate the contact area as A ∝ l 2 , and we assume that the contact force is proportional to the contact area F ∝ A (Materials and Methods: See Inferring force maps). Here, we test our force-inference method on packing generated by our mass-spring simulation. To this end, we compare the inferred force network with the actual force network in the simulations. Figure S2: Inferring the instantaneous growth rate as a function of pressure using the pressure curve obtained from the self-closing valve. (a) A fluorescent dye, FITC-conjugated Dextran, added to the medium allows us to label the space between the cells. FITC-conjugated Dextran does not penetrate inside the cells, such that its fluorescence is excluded from a cell. As a consequence, as the cells are filling the chamber, the fluorescence intensity is, in first order, proportional to the void in between cells, like in the fluorescent exclusion method [16] . Denoting φ the packing fraction, and V the volume of the chamber, we assume that the intensity I of fluorophore is I ∝ (1 − φ )V . (b) We use finite element simulations (Comsol) to estimate the change in volume of the growth chamber as a function of the pressure. We define the PDMS as a hyperelastic material as in [17] , with an estimated Young's modulus E = 2MPa. We find that the change in volume is to good approximation linear in the pressure. (c) We use the excluded fluorescence, as well as the finite element simulation, to estimate the cell packing fraction, φ , as a function of the growth-induced pressure. We observe that the growth-induced pressure starts to rise in the chamber for a packing fraction of about 0.4. We fit the resulting relationship by a forth order polynomial function to obtain a continuously differentiable function. (d) We use the values extracted from b and c to calculate the instantaneous volumetric growth rate γ, using a quasi-steady state assumption as described in the Supplementary Method (see Measuring the steady-state and instantaneous growth rate). The dark blue line corresponds to the values calculated from the mean pressure, and the envelope corresponds to the values calculated from the envelope of the pressure curve. Note that the inferred continuous relationship between growth rate and contact pressure is in good agreement with the steady-state data obtained independently, from outflow rates in our leaky devices (black points, mean ± standard deviation). 7
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Time ( The reduction of growth rate is not due to glucose depletion in the growth chamber. To estimate whether glucose depletion could account for the observed reduction of growth rate, we assume that cells would locally consume glucose at the maximum rate. We consider two cases: either glucose merely diffuses inside the growth chamber, or it is also advected by the imposed nutrient flow. In both cases, we find that the reduction of glucose concentration in the chamber is not enough to stall cell growth. (a) We first measure the diffusion of 2-NDBG, a fluorescent glucose analog molecule. Here, we observe at the beginning of the experiment that there is almost no glucose in the self closing valve, and that it progressively diffuses in the chamber. Notice the foamlike packing of the cells, which results from the growth-induced pressure nearly balancing the turgor pressure.
(b -c) We measure the diffusion constant of the glucose analog in 2 different ways. We measure either the local concentration at a fixed position in the chamber (b) or the full width at half maximum (FWHM) as a function of time (c, mean ± standard deviation). Fitting of a simple diffusion model agrees well with the experimental data, and enables us to extract values for the diffusion constant of the glucose analog (see figure) . (d -e) The biomass yield of S. cerevisiae cells is 0.45 × g cells /g glucose [18] . With a minimum doubling time of 2 hours, this yields a glucose consumption rate of 2.2 × 10 7 molecules/s. We simulate glucose consumption in the fully packed growth chamber using finite element simulations (Comsol) and the measured glucose diffusion constant extracted in b and c. We consider two cases: either there is only consumption and diffusion (d) or consumption, diffusion and convection (e). We find that in the case where there is only diffusion, the glucose concentration drops at about 70% of its boundary value c 0 , which is about 14 g/L, and still above the concentration where depletion of glucose affects growth [19] . In a finite element simulation set-up where we impose a convective flow of 0.2 nL/s, we observe that there is no glucose gradient in the growth chamber. We conclude that the observed reduction of growth rate in figure 3c is not an effect of glucose depletion in the growth chamber. 
Growth-induced Pressure (MPa)
Cell Fraction Viability Vitality Figure S4 : Measurement of cell viability and cell vitality. We assess how pressure changes cell viability and metabolic activity. Cell viability is assessed through a viability kit (LIVE/DEAD Yeast Viability Kit, Thermo Fisher Scientific). Briefly, propidium iodide (PI) is added to the culture medium. PI only enters the nucleus of dead cells and binds to DNA. We observe that, even at maximum pressure, most of the cells are alive (more than 90% of the cells). Cell vitality is assessed by adding a cell permeable esterase substrate (FungaLight Yeast CFDA, AM, Thermo Fisher Scientific) that is cleaved by esterases. The cleaved molecule becomes fluorescent, which enables one to assess esterase activity, which is directly linked to the global cell metabolic activity. We observe that, even though cell vitality does not change much at 0.5 MPa (the change is less than 15%), it is almost non existent at the maximum pressure of 1MPa. This suggests that, even though alive, cells are not metabolically active. This could be explained by pressure-induced molecular crowding, as in [20] , where all processes in the cell are slowed down to the point of stalling by the very high compression. Note that at the highest pressure, we observe about 5% of the cells bursting. The data represent, for N ≥ 3 independent replicates, the mean ± standard deviation. The density of nuclear Whi5 is anti-correlated with the growth rate. This plot shows the nuclear Whi5 density for different growth-induced pressures. The Whi5 density was obtained by measuring the number of cells with a nuclear Whi5 normalized by the observed area. Note that the nuclear density of Whi5 is increasing with decreasing growth rate, suggesting that growth rate reduction is accompanied with a cell cycle delay in the G1 phase of the cell cycle. Errors are mean ± standard deviation for N ≥ 5 independent replicates. The growth-induced pressure divided by the fraction of covered surface corresponds to the pressure exerted in the contacts between cells and cover slip. Accordingly, the constant turgor pressure simulations of elastic shells yield nearly horizontal lines. The data, however, clearly shows that the pressure in the cell-coverslip contacts increase with the growth-induced pressure. This may indicate a gradual increase in turgor pressure. Error bars of the simulation data are smaller than the symbols. Error bars for the surface coverage are estimated as followed: We assume that we cannot measure the contact better than the diffraction limit. Hence, assuming a circular contact, we write that the radius of the contact has a typical error of ±δ , where δ is the radius of the Point Spread Function. Figure S7: The average cell-cell contact stress approaches the cell turgor pressure under high compressive stress. We measure the cell-cell contact stress in mass-spring simulations, and find that for high compression / packing fraction, the stress approaches the internal cell turgor pressure. (a) Mass-spring simulations scheme. Identical cells are randomly distributed in a rigid box. The initial concentration is low so the cells do not touch one another. The simulation box is progressively compressed, hence increasing the packing fraction. (b) 50 identical cells (R 0 = 2.5µm, Π = 1.0 MPa, E = 150 MPa, t = 0.1µm) are compressed. For each pair of cells, the contact stress is calculated and the average contact stress is plotted (red line) versus the fraction of box volume occupied by cells. For high compression (>0.7) the value of the average contact stress saturates at the value equal to turgor pressure, 1 MPa. The envelope corresponds to ± standard deviation and is obtained out of 5 replicates simulations with different random initial cell positions and orientations. Inset. The contact stress is calculated as a ratio of the total normal force between two cells F n and total contact area A c . The contact area A c on one cell is a sum of areas of all triangles being in contact with the other cell. A triangle is in contact with another cell if all its vertices are in contact with the neighbor cell (non-zero repulsive forces). The total normal force exerted on one cell is a sum of all normal forces exerted on each vertex by the neighbor cell. To calculate the normal force F (red arrow) acting on a vertex (black-red circle), first the sum of all non-bonded repulsive forces, F rep (red dashed lines), is calculated. Next the normal component of this force is extracted as a dot product with all the triangles (described by the normal vectors n i ) being in contact with the neighboring cell (shaded triangles), n i · F rep . In order to avoid double counting of the normal component of the force F rep , each dot product with n i (here i=1,2) is multiplied by the area of the triangle on which the force F rep is acting, and divided by the total contact area (it is the sum of areas of shaded triangles A = A 1 + A 2 ). In simulations where individual cell growth rates (k i ) decrease exponentially with pressure (P i ), k i ∝ e −P i /P 0 , we observe that the time-averaged steady-state population pressure P increases as the feedback becomes stronger (P 0 decreases). P increases with decreasing P 0 because cell growth slows for P > P 0 , causing the population to spend more time at larger pressures. (b) Furthermore, feedback homogenizes force networks as illustrated by representative configurations without feedback and a heterogeneous force network (P 0 = ∞) and with strong feedback and a homogeneous force network (P 0 = 0.005). The reason for this homogenization is that low-pressure cells grow more quickly than high-pressure cells and fill in gaps in the force network. (c). We see that force-network homogenization is a strong effect -the coefficient of variation of individual cell pressures c P = P 2 / P 2 − 1 decreases by 40% with decreasing Figure S13: Effect of outlet channel width on mean avalanche size. We analyzed the movie (Movie S2), which was also referenced in the main text for a direct comparison of growth under different contact pressures.
(a) Snapshot of the time-lapse movie, showing the two filled growth chambers connected in the same way to a single nutrient channel. The outlets of both chambers are connected to an outlet gate with an angle of 135 o , but the outlets have a different channel width, of 5µm and 7.5µm. We observe in this movie that the cells coming out of the outlet with a channel width of 7.5µm develop less pressure than the cells in the 5µm outlet channel width, and exhibit more avalanche events. (b) We measure for each avalanche, defined as the duration from when cells start to move until the next moment of stasis, the displacement l of the cell population in the channel. We then calculate the mean cell volume displacement, ∆V = l × A, where A is the cross-section of the outlet channel. An estimate of the average number of cells per avalanche is then obtained by dividing ∆V by a typical cell volume of < v > = 65.5 fL. This volume corresponds to a mean cell diameter of 5µm. We note that the average size of an avalanche increases with increased outlet channel width (mean ± standard deviation for N ≥ 10 avalanches).
